The superposition principle is one of the main tenets of quantum mechanics. Despite its counterintuitiveness, it has been experimentally verified using electrons, photons, atoms, and molecules. However, a similar experimental demonstration using a nano or a micro particle is non-existent. Here in this Letter, exploiting macroscopic quantum coherence and quantum tunneling, we propose an experiment using levitated magnetic nanoparticle to demonstrate such an effect. It is shown that the spatial separation between the delocalized wavepackets of a 20 nm ferrimagnetic yttrium iron garnet (YIG) nanoparticle can be as large as 5 µm. We argue that this large spatial separation can be used to test different modifications such as collapse models to the standard quantum mechanics. Furthermore, we show that the spatial superposition of a core-shell structure, a YIG core and a non-magnetic silica shell, can be used to probe quantum gravity.
Quantum mechanics permits an object, however big, to be spatially delocalized in two different places at once [1] [2] [3] [4] . Despite being counter-intuitive and in direct conflict with our everyday experience, the superposition principle has been experimentally verified using neutrons [5] , electrons [4] , ions [1] and molecules [2, 3] . The current record for the largest spatial superposition is 0.5 m which was realized using a Bose-Einstein condensate of Rubidium atoms in an atomic fountain [6] , while the heaviest object so far put into a superposition state is about 1 × 10 −23 kg [3] . However, a similar test using a mesoscopic (≈ 100 nm) object is still missing and it is one of the most pursued problems in modern quantum mechanics [4, [7] [8] [9] [10] [11] [12] [13] . A successful demonstration of such a state can testify various modifications to the quantum mechanics e.g. collapse models [12, 14] , decoherence mechanisms such as gravitational state reduction [15] , measurement hypothesis [4] and the apparent conflict between relativity and quantum mechanics [4, 16] . Furthermore, apart from being of pure fundamental interest, a macroscopic superposition state is also of significant practical relevance due to the emergence of quantum technologies e.g. quantum computing and communications [17] . That is the superposition principle is the essential ingredient of quantum computing [17] as well as behind the absolute security of quantum communications [18] . Understanding the superposition principle at the macroscopic level can enrich our knowledge about the nature around us and can improve metrology, and quantum computing and communications [12] .
In this Letter, we propose an experimental scheme for creating a spatial superposition state by exploiting the superposition that naturally occurs when two potential wells are coupled together with a potential barrier in between them. In particular, due to tunneling, in magnetically ordered material such as ferromagnet and ferrimagnet with magnetocrystalline anisotropy, degeneracy among different spin states are lifted [19] [20] [21] [22] [23] (see Fig. 1 ).
In these systems the ground state is the symmetric superposition of all-up and all-down spin states [21, 22, 24] . Exploiting this naturally occurring spin superposition, and a magnetic field gradient, we propose a scheme for creating a spatial Schrodinger cat state. We show that the separation between the delocalized superposed states is significantly larger than the object involved in the superposition and can be as large as 5 µm. This large separation is crucial for the detection and verification of the non-classical states created.
Note that macroscopic quantum coherence (MQC), coherent evolution of many spins -a key requirement for the current proposal, has been studied extensively in the past-both theoretically [20, 21, [24] [25] [26] and experimentally [19, [27] [28] [29] [30] [31] . For example, MQC has been experimentally confirmed in molecular magnets consisting of manganese clusters [23] with S = 9 and iron based system [29, 30] with S = 10. Similarly, quantum coherence has been demonstrated in nanomagnets e.g. ferritin-a naturally occurring protein about 7.5 nm in diameter with an antiferromagnetic core and uncompensated spins [19, 27, 28] . In this case the number of spin involved in the coherence experiment was ≈ 300 or S = 150.
Spatial superposition: A schematic of the proposed experiment is shown in Fig. 1a . In this scheme a single domain magnetic nanoparticle of radius R, volume V , mass m, spin S and its easy axis aligned to z−axis or the quantization axis (see Fig. 1b ) is levitated using an ion trap [32] at a cryogenic temperature (≈ 300 mK [33] ). After levitation the center-of-mass (CM) temperature of the particle is reduced to a suitable temperature T cm using parametric feedback cooling [32] . Here, one can use a superconducting quantum interference device (SQUID) for the detection and the manipulation of the CM motion of the levitated particle [34] . Furthermore, we assume that S is an integer to ensure that tunneling between two wells, discussed below, is permissible [35] . We also show that tunneling remains valid when one considers Experimental schematics -a) Ion trap including magnetic field, b) A yttrium iron garnet (YIG) nanocrystal with its easy axis align to the z-axis. Earth's gravity points along the y−axis. c) Double potential well. Solid lines represent spin states when only one potential well is present while dashed lines show spin states when two wells are coupled. ∆E is the energy gap between the ground state |Φ0 and the first excited state |Φ1 when two potential wells are coupled while ∆U is the same difference in energy when only one potential well is considered.
the physical rotation of the nanoparticle that may arise when spins tunnel from one well to the other [36] .
In a single domain ferromagnet, antiferromagnet and ferrimagnet, all spins are aligned and coupled together due to exchange interaction [19, 24, 25, 27, 28, 37, 38] . The exchange interaction can be represented as − i =j Js i .s j , where J is the strength of the exchange coupling (for YIG J ≈ 7 meV [39]), and s i and s j are the spin of the neighbouring ith and jth atoms. Furthermore, due to magnetocrystalline anisotropy, there is a certain direction inside the crystal along which spins are preferentially aligned (easy axes, z−axis, see Fig.  1b ) [21, 25, 28] . Under this condition, spin S can have two opposite orientations, |S z and | − S z , of equal energy along the easy axis separated by an energy barrier
, where K's are the magnetocrystalline anisotropy constants. Equivalently, due to the presence of magnetocrystalline anisotropy, there exists two potential wells in which the orientation of the spins are opposite (Fig.  1c) . In isolation, each of these potential wells contains S spin levels |ψ m with m = 0, ±1, ±2... ± S z . The separation in energy between two such consecutive spin states in a well is ∆U = D(2m − 1), where D is the anisotropy constant. Energetically, spin levels in the two isolated wells with the same |m| values are equal or the states are degenerate. However, due to the coupled nature of the potential wells degeneracy is lifted and the eigenstates of the overall system [22, 40] are now the symmetric and antisymmetric superposition of the eigenstates of the individual well e.g. |φ n = (|ψ m ±|ψ −m )/ √ 2, where n = 0, 1, 2...2S z − 1, and m = 1, 2, 3, ....S z . The ground state of this system is |φ 0 = (|S z + | − S z )/ √ 2 while the first excited state is
The separation in energy between the ground state and the first excited state or the so-called tunnel splitting [25] is given by ∆E =hω 0 exp (−S K y /K x ), whereh is the reduced Planck constant and ω 0 ≈ 10 11 − 10 13 Hz is the characteristic frequency [20, 25] . Depending on the material under consideration, ∆E can be several hundred millikelvin while ∆U can be tens of kelvin [22] . ∆E can be controlled by applying a weak magnetic field orthogonal to the crystal's easy axis and hence can be tuned [22, 29, 30] . In contrast, a magnetic field along the easy axis of the magnetic nanoparticle lifts the degeneracy and as the degeneracy is removed tunneling disappears along with it [22] . One can exploit this feature as a control mechanism to initialize or remove a spin superposition as required. Indeed, in the proposed experiment, a d.c. magnetic field B 0 is activated whenever a magnetic particle is trapped. This confines the spins in one of the wells and aligns the particle's easy axis along the direction of the magnetic field. This magnetic field and the low temperature considered here forces the overall system to either |ψ Sz or |ψ −Sz state.
After the initial state preparation such as attaining the desired CM and internal temperatures, magnetic field B 0 is switched off. This initiates tunneling and hence a spin superposition. Given the low experimental temperature (300 mK) and the relevant tunnel splitting ∆E ≈ 500 mK (see below), population in all states except |φ 0 = (|S z + | − S z )/ √ 2 can be safely ignored. We use this state for the creation of a spatial Schrodinger cat. At this stage the ion trap is switched off and an inhomogeneous magnetic field is activated. The direction of the magnetic field gradient is such that it makes an angle θ with the direction of the earth's gravity (along y−axis, Fig. 1b) . The untrapped particle evolves under the influence of gravitational and magnetic fields for a suitable time t. At this state the Hamiltonian is [10] 
where m is the mass of the levitated particle, µ B is the Bohr magneton, dB/dz is the magnetic field gradient, g L is the Lande factor and g is the gravitational acceleration. p 0 is the momentum before the particle was released from the trap. At time t 0 /4 the initial magnetic field gradient is switched off and a new magnetic field gradient of opposite polarity to that of the original magnetic field gradient is activated. This new field gradient redirects wavepackets towards the center. At time 3t 0 /4, the polarity of the field gradient is changed for the last time which decelerates the wavepackets as they approach each other from the opposite directions. Finally, at time t 0 , magnetic field gradient is completely switched off. This ensures two wavepackets overlap exactly with each other at the center. At this stage, the ion trap is turned back on to recapture the particle and simultaneously a spin measurement along x−axis is carried out. Here, owing to the different trajectories of the wavepackets through the gravitational field, a gravity induced phase difference β g = (1/16h)gt 3 0 g L S z µ B (dB/dz) cos θ between the wavepackets is accrued e.g. |φ 0 = (|S z + e −iβg | − S z )/ √ 2 [10] . The effect of this phase is appeared in the spin measurement where the probability of measuring | ± S x varies as 1 ± cos β g . Since spin cannot acquire a phase due to the different trajectories through the gravitational field, any effect of this phase difference on the spin measurement is considered as an evidence of the spatial superposition created [10] . One can use t 0 and θ to give a controllable phase in the spin measurement. To build up statistics, the sequence of events described above can be carried out as many times as required. The maximum spatial separation between the two arms of the superposed states is achieved just before the two wavepackets start approaching each other from the opposite directions and is given by
where t 0 is the spin coherence time. Experiment: Since tunneling is a very general phenomenon in magnetic systems, any magnetic material with a magnetocrystalline anisotropy can be used as a model system for the current proposal. For example, one can use ferritin nanoparticles with S ≈ 150. With ferritin macroscopic quantum coherence has already been demonstrated [25, 27, 28] . Nevertheless, in this article we aim to use yttrium iron garnet (YIG), a ferrimagnetic crystal with four uncompensated Fe 3+ (s = 5/2) atoms per unit cell (lattice constant a ≈ 1.5 nm) [39] as a model system. In bulk YIG crystal, spin coherence time (T 2 ) on the order of microseconds has been measured [41] [42] [43] . YIG also relaxes some of the experimental requirements involved. Specifically, YIG is an insulator which ensures no conducting electron and hence no decoherence due to the electric current that a free electron carries. Another advantage of YIG is its high blocking temperature T B = 64 K [44] which prevents superparamagnetic behaviour.
A large spatial separation between the superposed states or a large Schrodinger cat is highly desirable [4, 45] and can be achieved by using a large S (see Eq. (2)). However, a large S accompanies a reduced ∆U = DS 2 z which ultimately necessitates a lower experimental temperature to avoid excited state |φ n>1 population. Fig.  2a shows ∆U as a function of S, where we have used [22] and K x ≈ 5.54 × 10 4 J m −3 [44] . We have also taken two layers of dead spins on the surface into consideration [44] . It is obvious that ∆U decreases drastically as S increases. A large S also indicates a reduced tunnel splitting -∆E =hω 0 exp (−S K y /K x ). To calculate ∆E, one requires ω 0 and K y /K x . While the measure of K x is readily available [44] , experimental values of K y and ω 0 of YIG nanoparticles can not be found in the literature. However, experiments involving ferritins [25, 27, 28] , a Fe 3+ based nanomagnet like YIG, have found ω 0 /2π ≈ 10 12 Hz. In Fig. 2b we have used K y /K x = 10 −2 and ω 0 /2π = 10 12 Hz. From Fig.  2b , it is clear that ∆E reduces severely as S increases. Consequently, one needs to choose S carefully to ensure both ∆E and ∆U remain as large as possible. A large ∆U guarantees, for example, a higher minimum experimental temperature which is beneficial for experiments. Furthermore, a large S can lead to a strong interaction between the system and the environment which can induce rapid decoherence [21] . For the discussion that follows we take S = 500 which provides ∆U/k B ≈ 50 K and ∆E/h ≈ 10 GHz (500 mK) -both of which are experimentally feasible. S = 500 corresponds to 200 uncompensated Fe 3+ atoms and the diameter of the YIG nanoparticle is ≈ 20 nm.
Finally, it is instructive to consider the conservation of angular momentum L associated with spin tunneling [36] . Specifically, when spins tunnel from one well to the other, to conserve L, particle needs to rotate physically. This may lift the degeneracy unless the rotational energy L 2 /2I, where I = is the moment of inertia of a sphere, is dominated by the energy reduced (∆E/2) due to tunneling [36] . In other words, α = (hS) 2 ∆EI << 1, where we have assumed L =hS. In our case, for S = 500 and the mass density of YIG equals to 5000 kg m −3 , we have α = 5 × 10 −4 . This is significantly less than unity and as a result physical rotation of the particle is not expected to have any significant effect on the tunneling.
Let us now consider a numerical example. For that we take dB dz = 10 6 T m −1 [46] and t 0 = 10 µs. On substitution of the relevant values in Eq. (2), one gets ∆z ≈ 5 µm. This is a macroscopic distance and can be visualized using unaided eyes.
Decoherence: As the macroscopicity of a quantum system increases, so does the possibility of rapid decoherence. Consequently, great care needs to be exercised to avoid this detrimental effect. One such major source of decoherence is the fluctuating magnetic field that may exist around the experiment. However, this can be effectively reduced to picotesla level or ≈ 30 Hz using a superconducting shield [47] . This is significantly lower than the 10 GHz tunnel splitting found above. Since the proposed experiment is planned to be carried out in a cryogenic condition, adopting a superconducting shield should be relatively straight forward. A further source of decoherence is the nuclear spins [21, 48] which, along with other sources of decoherence e.g. rare-earth impurities, appears as the linewidth broadening in ferromagnetic resonance (FMR) [21, [48] [49] [50] . Nevertheless, YIG has the lowest known FMR linewidth (≈ 45 kHz) of all materials [43] . This can be further reduced by eliminating rare-earth impurities [48] [49] [50] . For example, by reducing the contents of rare-earth impurities, Spencer et al. [49] managed to suppress FMR linewidth by 50 times. By selectively eliminating 57 Fe atoms from YIG or by isotropic purification one can improve coherence time further [48] . Magnons, collective oscillations of spins in ordered magnetic system e.g. ferrimagnet, can induce decoherence. However, due to the small physical size of the nanoparticle (R = 10 nm), propagating magnons are irrelevant [51] owing to the high energy excitation ≥ 0.02cR −1 Hz involved, where c is the speed of light in free space. To excite magnetostatic modes or the precessional modes [52] , one needs a magnetic field at an angle with the spin quantization axis. Since a superconducting shield will be in use to reduce the background magnetic field (B g ) to picotesla level, the effect of these low frequency (g L µ B B g /h) disturbances can be safely ignored. Furthermore, sub-kelvin experimental temperature may be useful in suppressing magnons.
Apart from the decoherence of spins, decoherence of the centre-of-mass motion of the nanoparticle is also of critical importance [53] . In particular, decoherence of the CM motion can reduce the visibility of the relevant matter-wave interference pattern. However, this can be easily counteracted by performing the experiment in high vacuum. Cryogenic environment considered here can be beneficial in achieving such a vacuum level. Other decoherence mechanisms [53] such as the blackbody absorption and emission can be safely neglected due to the low experimental temperature [53] .
Discussion: The large spatial separation (5 µm) between the delocalized matter-wave packets that the current scheme can produce is ideal for testing wave-function collapse models such as the continuous spontaneous localization (CSL) [14] . CSL has two parameters-namely collapse rate Γ CSL and coherence length r CSL . Assuming a successful experimental realization of the current scheme, according to CSL with λ CSL = 1 × 10 −17 s −1 , a R = 10 nm YIG nanoparticle and a coherence time of 10 µs, a collapse rate of Γ = 8.5 × 10 4 Hz is predicted. Whilst Adler's version of CSL [14] predicts a collapse rate of Γ = 8.5 × 10 12 Hz. In other words, according to the Adler version of CSL, superposition should decohere long before the time of our experiment (10 µs).
In the scale of macroscopicity µ m [54] , a measure of macroscopic quantumness, the experiment proposed in this article is equivalent to 16. This is about four orders of magnitude larger than the current experimental record [6, 12] . This can be boosted further by using a larger YIG nanocrystal. But, a larger nanocrystal means a greatly increased S which is not ideal for an experiment (see for example, Fig. 2) . Nevertheless, one can use a core-shell structure [55] with a YIG core (R = 10 nm) and the shell of a non-magnetic material such as silica of desired thickness e.g. 2 µm. Of course, this will reduce ∆z significantly (see Eq. (2)). However, as long as the coherence time and other parameters remain unchanged, µ m increases to 29. Interestingly, spatial superpositions of this core-shell structure can be used in the quantum gravity experiment proposed by Bose et al. [56] . Here, one needs to ensure that the gravitational interaction between two such structures (R ≈ 2 µm), essential for this scheme, dominates all other forces e.g. electric and magnetic forces [56] . A simple comparison between the magnetic and the gravitational forces between two such microparticles shows that the gravitational attraction is three orders of magnitude stronger than the magnetic force. In the calculation we have used the standard magnetic dipolar interaction , where m 1 and µ 1 , and m 2 and µ 2 are the mass and the magnetic moment of particle one and particle two, respectively. Additionally, µ 0 is the magnetic permeability of free space, G is the gravitational constant and d = 500 µm is the distance between the two particles. To avoid Coulomb forces one can neutralize charges using electrical discharge [56] .
Conclusions: In this article we have theoretically shown that exploiting the naturally occurring spin superposition in a yttrium iron garnet nanoparticle and an appropriate magnetic field gradient, a large Schrodinger cat can be created. The spatial separation between the two arms of such a Schrodinger cat is 5 µm-about 200 times larger than the size of the particle put into the superposition. We have also shown that if successfully realized in an experiment then the current scheme will put a very strong bound on the Adler's version of wavefunction collapse model. Furthermore, we have shown that a core-shell structure, a yttrium iron garnet core and a non-magnetic silica shell, in a spatial superposition can be used for testing the quantized nature of gravity.
